High energy laser pulses were fired into a 365µm diameter fiber optic cable constrained in small radii of curvature bends, resulting in a catastrophic failure. Q-switched laser pulses from a flashlamp pumped, Nd:YAG laser were injected into the cables, and the spatial intensity profile at the exit face of the fiber was observed using an infrared camera. The transmission of the radiation through the tight radii resulted in an asymmetric intensity profile with one half of the fiber core having a higher peak-to-average energy distribution. Prior to testing, the cables were thermally conditioned while constrained in the small radii of curvature bends. Single-bend, double-bend, and U-shaped geometries were tested to characterize various cable routing scenarios.
BACKGROUND
The geometric footprint of advanced optical assemblies has decreased with the demand for miniaturization of technical packages. Many applications require the use of optical cables to transmit communication signals for high-power fiber lasers for tactical directed-energy, UAV systems, low-orbit satellites and other military applications 1 . Reducing the size of these assemblies may introduce complicated and strenuous routing configurations for the cables. Mechanical failures through static fatigue testing have been extensively researched using fused silica optical fibers and have provided results concerning the reliability of fibers under strain [2] [3] . Convolving the ideas of high laser energy propagation and mechanical fatigue due to small bend radii in optical fibers can be misleading because of the many variables involved. Previous studies in this area focused on the use of a continuous-wave near infrared source achieving intensities on the order of 2-3MW/cm 2 within the core of the fiber [4] [5] [6] [7] [8] [9] . The generation of thermal properties through a small length of unstressed fibers caused by self-propelled self-focusing where the formation of a damaging filament representing a collapsed beam was observed [10] [11] . Additionally, link between fiber temperature increases and bend radii has been also developed for CW sources 12 .
INTRODUCTION
The purpose of this study is to investigate the propagation characteristics of high energy pulses through a fused-silica optical fiber in order to correlate bend radii and laser energy into a mechanical lifetime reliability manufacturing standard. Experimental results have been well documented in several areas involving 1-3W continuous-wave sources in the near-infrared regime. Nanosecond pulses of laser energy tested at low repetition rates eliminate the connection to large thermal loading properties within the fiber. Linking a mechanical routing limitation with pulsed optical transmission is still in the preliminary developmental stages. It is understood that laser pulses propagating through bent optical fibers generate whispering-gallery modes (WGM) and avoid total internal reflection based on the entrance angle of the wave going into the bend and the radius of curvature of the fiber. The concentration of light caused by the WGM is localized to the region of fiber furthest from the center of curvature of the bend. Increasing the propagation intensities could eventually result in catastrophic failure due to energy escaping the core of the fiber and into the cladding. Extreme temperature conditioning of tightly constrained optical fibers further increased the energy losses by combining the microbending and macrobending effects. The addition of a fiber strength member plays a major role in increasing the microbending effects when introduced to thermal conditioning practices. Previous experiments showed catastrophic failures in temperature conditioned double up-jacketed fibers constrained in a complex routing arrangement with small bend radii from energy levels that previously passed in unstressed fibers. Uniform modal mixing was ensured during the experiments to avoid damage from any internal energy localizations unrelated to the routing study under investigation.
EXPERIMENTAL SETUP
A flashlamp-pumped, Nd:YAG, Q-switched laser was injected into a 365μm diameter core optical cable. A low beam divergence of 2.8mrad and a controlled peak-to-average consistency provided a sufficient injection source to the fiber. A half wave plate and a thin film polarizer attenuation scheme were used to vary the optical energies from 5 to 25mJ with pulse widths of 12ns. The energy regime was determined based on entrance and exit face damage experienced from previous experiments. The experimental setup is displayed in Figure 1 . A low power, 543nm HeNe was co-aligned with the injection setup to ensure proper alignment of the injection optics and to expose the location of escaping energy from the fiber due to a catastrophic failure. Fiber injection was executed using a classical launch technique utilizing a 25mm focal length plano-convex lens to under fill the NA of the fiber. The entrance of the fiber was strategically positioned on the diverging portion of the foci to achieve a fill-factor of 80% (292μm) of the fiber core diameter. The injection scheme allows the modes of the fiber to be properly mixed through the 1.25m long fiber and avoid energy localization prior to entering the bend geometry. A 5" service loop was introduced between the entrance face of the fiber and the bend geometry to amplify the modal mixing properties within the fiber. A 10x microscope objective was used to focus the spatial beam profile at the exit face of the fiber onto the CCD array of a Cohu SN4800 infrared camera. High energy, SMA-905, well-tip connectors were implemented to decrease the probability of damage and ghosting features from entrance face reflections which would provide falsifying results. An important metric to getting repeatable injection was the concentricity offset between the center of the fiber core and the center of the ferrule. The SMA-905 was not a keyed connector deeming repeatability of efficient injection not practical if there was a large concentricity offset without further alignment of the fiber entrance face. Knowing the injection beam diameter and the core diameter of the fiber, a maximum fiber core to connector ferrule concentricity offset value was calculated for any cables to be used in the experiments. This averted a worst case scenario where the laser was injected biased in one direction and the core of the fiber was bent in the opposite direction. This tight concentricity tolerance was accomplished, ensuring a more efficient injection of the incident beam and negating optical features disrupting the propagation investigation.
Three bend geometries were chosen to examine energy propagation through the fibers, which are shown in Figure 2 . The first was a double-bend (S-bend) consisting of back to back 90 o bends. A single 90 o bend (J-bend) was created to examine the propagation characteristics transpiring along the first bend of the S-bend arrangement. Finally, a continuous 180 o bend (U-bend) was fabricated to amplify the effects of energy propagation through a fiber with a longer bend interaction length. The three bend geometries were machined in an aluminum plate with bend radii of 0.38", 0.25", and 0.20". The aluminum plate was truncated immediately where the bend concludes such that the spatial beam profile could be examined as close to the end of the bend as possible. During connectorization of the fibers, a 35mm rubber boot was placed on the end of the fiber to ruggedize the fiber at the entrance and exit interface, as common in industry. Elimination of the boot would have allowed the propagation examination to occur closer to the bend, but it was left on for this study. Two fiber assemblies were utilized in this study. A double up-jacketed fiber was manufactured with a standard buffer, an inner jacket, a strength member and an outer jacket. The single up-jacketed fiber consisted of a standard buffer and an inner jacket.
RESULTS
A double up-jacketed optical cable was placed in an S-bend routing fixture with a bend radius of 0.38" and placed in a computer controlled temperature chamber. The temperature was decreased at a ramp rate of -1 o C/min and the fiber soaked for two hours at -40 o C. Once the soak was completed, the chamber was turned off and returned to ambient conditions over night. The fixture constraining the fiber was inserted into the fiber injection setup and a transmission test was conducted with 5-25mJ of energy at 12ns pulses and monitored using an energy meter. No energy losses were observed when compared to prior baseline measurements. The energy meter was replaced by a CCD array Cohu camera to observe the spatial beam profiles at the exit face of the fiber. A series of ND filters were placed between the thin film polarizer and the plano-convex lens to attenuate the beam and avoid saturating the CCD array of the infrared camera. Energy localization was not observed in the spatial profile, but a small intensity decrease was apparent at the low energy levels viewed by the camera with the same injection energies. Thermally conditioning the double up-jacketed fiber proved that an extremely small reduction in energy transmission was observed. Eight days after the cold conditioning of the fiber, the same profile examination test was conducted with no alteration in experimental setup or laser characteristics. As shown in Figure 3 , the transmission through the fiber appeared to return to its ambient baseline performance level. The previous results point to the fact that the strength member was inducing extra strain on the fiber when thermally conditioned. These microbending characteristics disturb the original area of study, which is how the energy propagates through a bent fiber. Because of this, the single up-jacketed fiber was used in the proceeding experiments to avoid outside influences caused by the strength member. Also, the fibers were no longer thermally conditioned so that macrobending effects superseded any microbending contributions.
Single up-jacketed fibers were placed in each of the three routing geometries ("S", "J", and "U") of the three determined bend radii, 0.38", 0.25" and 0.20". Spatial beam profiles were collected at attenuated energy levels for each of these nine arrangements. Figure 4 displays the results for the S-bend routing configuration. The graphs below each spatial profile represent the normalized pixel intensity values viewed by the camera over the fiber's spatial dimensions. Arbitrary crosssections were chosen to examine the profiles because the SMA-905 was not a keyed connector and the rotation of the fiber core was not repeatable. The camera intensities were determined based on the RGB value of each individual pixel. Although nearly uniform spatial profiles were observed for each bend radii using the S-bend routing fixture, a faint 'sideloading' characteristic was distinguished as the bend radii decreases. Predominant energy localization to one side of the fiber may have been difficult to determine because the double bend routing configuration introduced enough modal mixing to hide such properties.
Spatial beam profiles and normalized pixel intensity values for the single J-bend experiments are shown in Figure 5 . Each bend radii resulted in three differing observations. The bend radius of 0.38" revealed an energy loss in the center of the beam profile at the exit of the fiber with maximum pixel intensity values on the outer edges of the core. A significant energy localization was observed in the center of the exit face beam profile using the J-bend plate with a 0.25" bend Lastly, the three bend radii were used to examine beam propagation through the continuous 180 o U-bend and the results are shown in Figure 6 . A similar central energy decrease experienced in the J-bend experiments for bend radii of 0.38" and 0.20" were observed for the same bend radii for the U-bend results. Side-loading characteristics were evident to the naked eye in all results showing higher energy localization on one side of the fiber as opposed to the other. The continuous bend with radius 0.38" was the most uniform of these results, but side loading was still apparent. A 50% energy differential from the lower left portion of the profile was observed versus the upper right portion for the 0.25" bend radius experiment. The final test with a bend radius of 0.20" revealed a 30% energy differential from one side to the opposite. Side-loading characteristics were predominant in the continuous bend experiments and show energy localization to one side of the fiber representing localized WGM effects and eventually result in catastrophic failure of the fiber. It must be reiterated that the connectors used were not keyed connectors and any small amount of twisting from handling the fibers during placement in the fixture could have resulted in energy localizations occurring on any given side of the fiber. An arbitrary cross-section was taken from lower left to upper right to negate these characteristics and focus on a general profile examination.
Along with the intensity profiles, energy transmission tests were also performed for all three bend radii and all three routing geometries. Figure 7 shows the results of the transmission test for the S-bend and U-bend. The results for the Jbend were exact to the baseline measurements deeming them interesting for this study. The S-bend results for the 0.38" bend radii follow closely with the baseline measurements with a small amount of loss experienced from the routing geometry. The S-bend results for the 0.25" map similar transmission up to the injection energy level of approximately 18mJ. As the laser fired, a distinct pop was heard. The HeNe laser was placed in the optical axis to reveal the fiber catastrophically broke around the 45 o angle section of the first bend, displayed in Figure 8a . An identical transmission test was carried out for the continuous U-bend geometry. The U-bend with bend radius of 0.38" correlated very closely to the baseline measurements. Catastrophic failure was observed at the 18mJ injection level for the U-bend with radius 0.25". The break occurred at approximately 135 o into the U-bend as seen in Figure 8b . From Figure 9 , not only was the fiber core and cladding combination damaged, but the fiber experienced a complete mechanical break rendering it useless. 
DISCUSSION
Models describing the behavior of optical energy propagating through a waveguide similar to the geometries and bend radii demonstrated in these experiments are in the preliminary stages at the University of Central Florida, CREOL. Figure 10 displays a model of the energy propagation through a 365μm diameter core fiber constrained in a J-bend fixture with a bend radius of 0.25". Energy localization was clearly observed in the models along the outer edge of the fiber core furthest from the center of curvature and agreed with experimental spatial profile distributions at the fiber exit face. These "hot-spots" within the fiber core were the result of grouped WGM as the energy propagated around the bend.
Catastrophic failure experienced in these experiments was majorly dependent on the large intensity values within the core of the fiber, which reached levels of 4GW/cm 2 . The combination of high optical intensities and the fiber under constraint undoubtedly contributed to mechanical breaks causing laser light to escape the cladding and insulation surrounding the fiber core. Further effects may have also played a key role in the decreased lifetime of the cables. The amount of time the fiber was under strain could be a liable contributor since the fiber broke using energy levels that were successfully transmitted in previous tests using an unstressed fiber.
Further studies could reveal several variables that work concurrently to cause an optical cable to fail prematurely. Varying techniques, whether it is open beam injection or fiber-to-fiber injection, generate different propagation characteristics by altering the amount of light that fills the NA. Fiber injection was achieved in this experiment through the utilization of a plano-convex lens focusing the incident beam into the cable. The focal length of the lens and the divergence angle of the beam at the injection point determine the optical fluences present within the fiber. 
CONCLUSIONS
Temperature conditioning optical cables containing an extra strength member revealed strenuous dynamics leading to microbending characteristics. Macrobending properties were explored by routing single up-jacketed fibers through single, double, and continuous bend geometries using bend radii of 0.38", 0.25", and 0.20" and examining the spatial profile at the exit face of the fiber. Transmission tests were conducted for all routing geometries and bend radii. The results revealed the bend radius of 0.25" to be a mode of failure when generating optical intensities on the order of 1-4GW/cm 2 . Preliminary modeling results from UCF CREOL concur with experimental results revealing side-loading and energy localization on the outside bend of the fiber core.
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Q. My experience has been that without having very good core-to-core alignment, you don't know what you're dealing with when it comes to the boundary.
A. Well, we talked to one of the 'connecterization' companies and we asked them to reduce the degree of concentricity the center of the core and the well so when you screwed it in, there was less than a 20-micrometer play with what you were injecting. We were under filling the N/A of the fiber such that it gave it that tolerance while the specifications were for under 20 micrometers. So, if you were off by just a little bit by the injection laser or with the play in the core of the fiber, you would still be injecting most of the energy efficiently into the fiber.
Q. Had you considered active alignment where you're polling at the power….
A. We actively aligned one time. We actively aligned before all of our experiments. One of the end goals of our experiment was to create something that was a plug and play system to where you could just put it in and that's why we sent out for the concentricity otherwise we wouldn't have had to do that if we were to actively align it every time.
Q. Again, the question is in regard to the coating because you mentioned that the damage is due to a hot spot, but you also have an interaction or some of the energy moves into the coating and heats up the coating, and then maybe you will have higher temperature. The one question is, what is the coating and the second is, in parallel did you measure the temperature that was generated in this experiment.
A. The temperature on the face of the fiber or within the fiber?
Q. The face of the fiber.
A. Okay, we did not measure the temperature at the face of the fiber. The energy level of the beam that we were injecting was something we were always able to transmit successfully with these fibers. So we just gave it a very smooth polish and there was no coating put on the fiber. Coatings may be something we can look at in the future. But, for these experiments this is something that has been seen in different labs all over the nation and we felt confident putting this energy into the fiber.
Q. Maybe I misunderstood you. I was looking for the temperature at the bend.
A. The temperature at the bend, I thought you were talking about the face. No, we did not look at the temperature at the bend. With the CW work that's been done on this stuff, before any thermal properties come into play they're looking at energy levels that are a little bit higher than we are using here. As far as looking at the temperature with these fibers, it's a 12-nanosecond pulse. The temperature escalation should not be that much with that kind of pulse. And, we're not doing it at a rep rate. There's about 30 seconds to a minute between each shot so the thermal loading around that bend should not come into play for this experiment.
Q. What distance from the bend was your beam profile obtained? The second part of the question is how would you expect the beam profile to vary as you move away from the bend?
A. So, we had a…. we didn't again want to disturb the tests that we were doing so there is a 35 mm distance between this break and the exit face of the fiber. We didn't want to remove the rubber boot because that provides a little more robustness in the system as you attach it to the output connector. As you get closer and closer to the bend, this is something we would like to investigate. We cut some fibers back a little bit, but we didn't see what we wanted to see and there was no good way to polish that so our results were not accurate. As you get closer and closer to the bend, we're hoping to see more of an energy localization. Some of the results I showed, back a little bit, where the energy loss was occurring in the center of the fiber. By this time you may be mixing different mode or it might be different properties going on as you propagate. The closer you get to the bend, I'm guessing that you will see more of an energy localization as you see in the modeling effects of here. But here, these are actually at the bend, 45 degrees, 50 degrees and going through. You can see going through that there is a definite energy localization going through. This is definitely something we would like to investigate in the future. We would also like to have a means to investigate this as well.
